ABSTRACT: Recombinant proteins (RPs) are commonly expressed in bacteria followed by solubilization and chromatography. Purified RP yield can be diminished by losses at any step with very different changes in methods that can improve the yield. Time and labor can therefore be saved by first identifying the specific reason for the low yield. This study describes a new solid-state nuclear magnetic resonance approach to RP quantitation in whole cells or cell extracts without solubilization or purification. The method is straightforward and inexpensive and requires only ∼50 mL culture and a low-field spectrometer.
A common approach to producing recombinant protein (RP) begins with incorporation of recombinant DNA (rDNA) into bacteria followed by cell growth, expression and lysis, and finally chromatography to obtain pure RP. The assessment of RP quantity and purity after the expression, solubilization, and/or chromatography steps is typically done using sodium dodecyl sulfate−polyacrylamide gel electrophoresis (SDS−PAGE) that separates proteins by molecular weight (MW). For several different RPs in our laboratory, the RP gel band was not clearly observed after expression or solubilization and the final RP purified yield was unacceptably low, e.g., 0.1 mg of RP/L of culture. 1 One hypothesis to explain this result is low RP expression followed by high-yield solubilization and chromatography. A second distinct hypothesis is high RP expression followed by poor solubilization and highyield chromatography. A third hypothesis is high RP expression and solubilization followed by chromatographic loss of RP. Distinguishing among these hypotheses is important because (1) the corrective changes to the experimental protocol to improve RP yield are very different for each hypothesis and (2) implementing these changes is often time-and labor-intensive. For example, low protein expression might be improved by codon changes in the rDNA or by varying induction time, whereas low solubilization might be improved by comprehensive screening of lysis buffers that differ in terms of additives such as denaturants and detergents.
This study focuses on distinguishing between the first low expression and the second low solubilization hypotheses. The third chromatographic loss hypothesis is typically straightforwardly tested by comparing the relative RP gel band intensities of washes versus elutions from the chromatographic column. RP expression is typically examined by first boiling an aliquot of cells in buffer containing SDS buffer with subsequent SDS−PAGE of solubilized protein. The RP quantity is estimated by comparison of the intensity of the RP band to the intensities of bands of native bacterial proteins. There are a few reports of more accurate quantitation. 2 This approach relies on a RP MW that is fortuitously different from the MWs of any of the abundant bacterial proteins. Alternatively, the quantity of the solubilized RP could be much higher than the quantities of any of these native proteins, i.e., high RP expression and high solubility.
An assumption of the approach is that most of the RP is solubilized by boiling. However, the largest RP fraction in cells is typically solid inclusion body (IB) aggregates that can be difficult to solubilize. It is therefore important to develop alternative approaches for RP quantitation in either whole cells or cell extracts enriched with IB solids. One potential method is IR spectroscopy of IBs and is based on the hypothesis of an increased fraction of β-sheet for the RP in IBs relative to the native structure, perhaps because of partial amyloid structure in the IB. 3 However, the fractional increase in β-sheet structure is likely highly variable among RPs in IBs with one RP in IBs showing retention of a large fraction of native helical structure. 4 This study describes an alternate solid-state nuclear magnetic resonance (SSNMR) approach to quantifying RP in whole bacterial cells and cell extracts enriched with IBs. The approach does not depend on the structure(s) of the RPs in IBs. We note that there have been earlier applications of SSNMR to whole bacterial cells and cell extracts with a typical goal of elucidation of details of atomic-resolution structure. 5−8 The new method has been tested with five different RPs whose amino acid sequences are given in the Supporting Information. The generality of the approach is supported by use of different plasmid and Escherichia coli strain types.
One RP is human proinsulin (HPI), which is the precursor to the hormone insulin.
9 Folded HPI is a monomer with an α-helical core.
10 Three RPs (Hairpin, Fgp41, and Fgp41+) are different ectodomain segments of the HIV gp41 protein. 1, 11, 12 gp41 is an integral HIV membrane protein, and the ∼175 Nterminal residues of gp41 make up the ectodomain that lies outside the virus. The ectodomain is subdivided into the ∼20 Nterminal fusion peptide (FP) residues that bind to membranes and the larger C-terminal region that folds as a helical hairpin with a 180°turn. 13 There is further assembly of three hairpins to form a molecular trimer with a six-helix bundle (SHB) structure that is hyperthermostable. Hairpin, Fgp41, and Fgp41+ likely all form SHB structure with sequence differences among constructs as well as a lack of FP and most of the loop in Hairpin. The fifth RP, FHA2, is the full ectodomain of the HA2 subunit of the hemagglutinin protein of the influenza virus.
14−16 HA2 has a topology and membrane fusion function similar to those of gp41, but there is little sequence homology between HA2 and gp41.
17
Membrane-associated FHA2 has folded SHB structure. Previous efforts to solubilize each of these RPs from bacteria were consistent with a large fraction of RP in IBs.
We present "HC" and "HCN" SSNMR approaches to RP quantitation that require 15 N spin pairs because of the ∼1 kHz dipolar coupling. The ΔS = S 0 − S 1 13 CO spectrum is therefore dominated by these pairs. 19 The ΔS 13 CO signal intensity is converted to the mass of RP per liter of culture using a method analogous to that of the HC approach. Relative to HC, the HCN RP quantitation has the advantage of one rather than two samples. The HC variant has the advantage of requiring a double-rather than a triple-resonance SSNMR spectrometer and probe. Triple-resonance SSNMR instruments are less common and can have a lower 13 C sensitivity. The Supporting Information provides detailed protocols for sample preparation and SSNMR. The ∼2 day experiment is mostly unattended. The approach is inexpensive with a culture volume of only ∼50 mL and ∼10 mg of labeled amino acid. There is also a protocol for suppressing scrambling of the 13 CO and/or 15 N labels to other amino acid types. 20 A "whole cell" (WC) sample is the centrifugation pellet of the bacterial culture. Cell lysis is conducted prior to centrifugation for the "insoluble cell pellet" (ICP) sample. The RP + lab ICP is therefore enriched in IB RP. The 9.4 T magnetic field, 8 kHz MAS frequency, and ∼50 kHz radiofrequency fields are moderate and accessible for many NMR facilities, including those with an SSNMR probe (cost of about $100000) on an otherwise liquid-state NMR instrument. Figure 1 (3) and (i) an experimentally determined mole 13 CO/I CO conversion factor; (ii) MW RP /N Leu , where N Leu is the number of Leu residues in the RP sequence; and (iii) the NMR sample is from cells in a culture volume of ∼25 mL.
The SSNMR-determined expression levels (panel b) are 100− 450 mg of RP/L of culture. These levels are very high relative to the reported ∼5 mg/L purified yields for Fgp41, FHA2, and HPI. 1, 9, 15 The most common current approach to assessing RP expression is SDS−PAGE. Panel c displays SDS−PAGE results for boiled ICPs. Relative to the background, there are clear bands for HPI and Hairpin and much fainter and more ambiguous bands for FHA2 and Fgp41. The variation of the RP band intensities in the SDS−PAGE gel is more reflective of differences in RP IB solubilization than differences in expression levels. sample, the HC and HCN expression levels typically agree within a factor of 2. Quantitative labeling of the RP is assumed for both approaches, so the levels are likely lower limits of expression but probably within a factor of ∼2. Incomplete labeling will have a larger effect on HCN quantitation because the ΔS signal is only observed for dipeptides with both residues labeled. Most of folded Fgp41 is a thermostable six-helix bundle that includes the six LL dipeptides. 13 The ΔS spectrum was previously obtained for [ 13 CO, 15 N]Leu Fgp41 that had been purified, refolded, and reconstituted in membranes. 1 There was a single peak with a 178 ppm shift and a 3 ppm width that is consistent with folded helical structure. The ΔS(RP + lab ) spectrum of Fgp41 in IBs ( Figure 2 ) is very similar and supports formation of folded Fgp41 structure in the IBs. For other RPs in IBs, the ΔS spectral widths are sometimes much broader, e.g., ∼7 ppm for HPI (Supporting Information). This breadth is consistent with unfolded RP structure in the IBs. SSNMR quantitation of RP expression by either the HC or HCN approaches is independent of the degree of RP folding in the IBs.
For all the RPs of this study, the SSNMR spectra demonstrated high expression, i.e., ≥100 mg of IB RP/L of culture, so the main obstacle to purified RP is solubilization of the IBs. For other RPs that are produced at much lower levels, SSNMR could also be applied to optimize RP production. 
a Underlined regions contain non-native residues that were inserted into the sequence. 
C. Sample preparation
One 250 mL flask containing 100 mL of LB and the proper antibiotic was inoculated with 0.5 mL of a glycerol stock of E. coli cells that contained a specific plasmid. The flask was placed in an incubator shaker with shaking at 180 rpm and a temperature of 37 °C. After 16 hours, the OD 600 was ~4 and the cells were harvested by centrifugation at 10,000g at 4°C for 10 minutes. The cells were then resuspended into a 250 mL baffled flask containing 50 mL of M9 minimal medium, antibiotic, 100 μL of 1.0 M MgSO 4 , and 250 μL of 50% v/v glycerol. After about one hour of shaking at 180 rpm at 37 °C, log(OD 600 ) vs time was linear and the E. coli cells were induced by addition of IPTG to a concentration of 2.0 mM. Induction continued for 3 hours with shaking at 37 °C. For many growths, a dry mixture was prepared that contained 10 mg of each of the 20 common amino acids. One or two of the amino acids typically also contained 13 CO and/or α-15 N isotopic labeling. This mixture was added to the medium just before addition of IPTG and an equivalent mixture was added after one hour of induction. After three hours of expression, the cells were harvested by centrifugation at 10,000 g at 4°C for 10 minutes. The cell pellet (~0.5 g wet mass) was stored at -20 °C.
"Whole cell" (WC) NMR samples were lyophilized cell pellets. "Insoluble cell pellet" (ICP) samples were prepared by first suspending ~0.5 g whole cell pellet in ~40 mL PBS (pH 7.3) followed by placement on ice. Lysis of the E. coli cells was achieved by sonication with a tip sonifier (4 one minute cycles, 80% amplitude, 0.8 seconds on, 0.2 seconds off). After sonication, the suspension was centrifuged at 50,000g at 4°C for 20 minutes. The supernatant (containing soluble proteins) was discarded and the ICP with inclusion body (IB) RP was not lyophilized.
D. SDS-PAGE
10 mg of ICP was suspended in 100 μL of SDS-containing sample buffer. Each suspension was vortexed, boiled for 5 minutes, and then centrifuged for one minute. The supernatant was diluted 5X with SDS-containing sample buffer and 15 μL of this solution was added to a well in the electrophoretic apparatus.
E. Solid-state NMR (SSNMR)
The sample (either WC or ICP) was packed into a 4 mm diameter solid-state NMR magic angle spinning (MAS) rotor. The active sample volume of the rotor was ~40 μL. Data were obtained with a 9.4 T instrument (Agilent Infinity Plus) and a triple-resonance MAS probe whose rotor was cooled with nitrogen gas at -20 °C. Experimental parameters included: (1) (1) 13 CO-Ala; (2) 15 N-Val; and (3) each of the 18 other amino acids (unlabeled). This mixture was added to the culture just prior to induction and an equivalent mixture was added after one hour of induction. Scrambling was greatly reduced with the modified protocol as evidenced by a ΔS signal (Fig. SI1b) that was ~3-times smaller than the signal of the sample prepared with the initial protocol (Fig. SI1a) . The suppression of scrambling was likely through product feedback inhibitory loops of the bacterial amino acid metabolic pathways. Each uncertainty was the standard deviation of the integrated intensities in 13 other regions of the spectrum for which no ΔS intensity is expected, cf. Table SI3 below. The difference in the standard deviations of the two samples was not statistically significant at the 95% confidence level as evaluated by the F test. For the 12 degrees of freedom in each data set, the critical value of F is 2.69 which is greater than the 1.43 value calculated from the data. a The I ΔS is the integrated intensity in the 185 → 170 ppm interval. No significant signal is expected in the other intervals and the uncertainty in I ΔS is the standard deviation of the integrated intensities in these intervals.
G. Criterion for quantitative labeling of the RP
This calculation shows the 20 mg aliquot of labeled amino acid in the 50 mL expression medium is sufficient for quantitative labeling of a RP. Consider that RP ≡ Hairpin, the labeled amino acid ≡ Leu, and the expression level = 500 mg Hairpin/L culture. There are 14 Leu's in the 92-residue
Hairpin and mass Leu/mass Hairpin = 0.15. This is a "worst-case" example for labeling because of the high Leu mass fraction in Hairpin and because of the high expression level (which is two times greater than the already-high experimentally observed Hairpin expression level).
Minimum required mg Leu in 50 mL culture = N-Leu. This spectrum was chosen because it had the smallest fluctuations arising from truncation of the free-induction data. The intrinsic (non-truncation) noise should be the same for all spectra because each was the sum of the same number of scans on the same spectrometer. Table SI5 .
C is the standard curve-derived coefficient (mole 13 CO)/I CO ratio that is specific to the SSNMR spectrometer and probe. For the present study, C = 4.72×10 -9 mole 13 CO and was determined using the standard curve and analysis presented in Section H.
V c corresponds to the culture volume needed to prepare an ICP that fills the NMR rotor. V c = 25 mL was used for the numerical calculations because about two rotors could be filled with the ICP from a 50 mL culture.
The (moles 13 CO-Leu in the RP)/(volume culture) was converted to (mass RP)/(volume culture) with multiplication by MW RP /N lab where MW RP ≡ RP molecular weight and N lab ≡ number of labeled residues in the RP. The expression levels calculated with Eq. SI1 are presented in Table SI6 .
The calculations assume quantitative Table SI7 lists the parameters of the best-fit deconvolutions of the Fig. 2 ΔS spectra, Fig. SI6 displays the ΔS spectra for the RP -lab and the RP + lab samples, and Table SI8 lists the peak shifts, line widths, and I ΔS for the RP + lab spectra. These figures and tables are followed by a description of the HCN approach to determination of RP expression. a Linewidth is full-width at half-maximum of the isotropic 13 CO peak. b Each I ΔS was determined from integration over the isotropic 13 CO spectral region. The typical RMSD spectral noise was ~5 as determined from integrations over other regions of the ΔS spectrum. 
